In v estig atio n s of in fra -re d sp ectra. D e te rm in a tio n of C -H frequencies (~3 0 0 0 cm .-1) in paraffins an d olefins, w ith som e observ atio n s on " p o ly th e n e s"
I n t r o d u c t i o n
In a previous communication (1938) we described the results of an investigation into the infra-red absorption in the region of 3/4 of a number of hydrocarbons dissolved in carbon tetrachloride, with special reference to the absorption of ^>CH2 groups in different molecules. I t was found th at in many simple compounds the CH2 group gave rise to two frequencies, essentially C-H valency vibrations, about 2857 and 2927 cm.-1, and th a t from one compound to another these frequencies varied by only a few wave numbers. The lower frequency was identified with the mode of vibration in which the hydrogen atoms move in phase, while the other frequency was taken as the unsymmetrical mode of vibration. This assignment was sub stantiated by calculations with potential functions for molecules of the general type CH2-X , where X represents the rest of the molecule and is attached to the CH2 group by single bonds. It was found th at the CH frequencies of a CH2 group are but little affected by the nature of X in saturated compounds, but th at when the CH2 group is attached to by a double bond the CH frequencies are some 150 cm.-1 higher. In ethylene each CH2 group has two CH valency modes of vibration, and since the CH2 groups themselves can vibrate in or out of phase with one another, four CH frequency modes are possible for the C2H 4 molecule, two being Raman active and two infra-red active. In many molecules containing several CH2 groups, similar coupling effects are important, and frequently four infra-red CH frequencies are observed.
CH3 groups to some extent behave in a similar manner to the CH2 groups, since in a molecule CH3-X two CH frequencies can be obtained. In one, the three hydrogen atoms vibrate in phase, while in the other case one atom is in opposite phase to the other two. These frequencies can be com pared with the symmetrical and unsymmetrical CH2 vibrations,* re spectively. Methyl halides (Bennett and Meyer 1928; Sutherland 1935) and [ 208 ] methyl deuteride (Ginsburg and Barker 1935) are found to have these two frequencies, and from the rotational structure it has been established th at the symmetrical frequency (|| band) is somewhat lower (~ 100 cm.-1) than the unsymmetrical frequency (J_ band). We have accumulated a con siderable number of data on the absorption of CH3 groups in complex molecules and have already briefly described our results for a-and /?-methylnaphthalenes (1939) . The spectra of a number of compounds con taining methyl groups will be described in the present communication.
In aromatic compounds the CH groups give bands close to 3*27/4, generally one, two, or three in number, and we have studied these bands for many substances including polycyclic compounds such as naphthalene and quinoline (1939) . Mono-substituted benzene derivatives and benzene itself in carbon tetrachloride solution give a characteristic triple aromatic CH band about 3*27/u, but as more groups are substituted in the ring the bands become less distinctive. CH bands in unsaturated compounds of the type £ > C = C <^2 or p C = C <^3 have received little attention. S
and Mollet (1936) have examined a few such compounds in the 3 fi region but with insufficient resolution to give any detailed information. The present communication deals with a number of compounds of this type.
Bands arising from the ^C H group in saturated hydrocarbons have
hitherto not been recorded in the 3 /4 region, although a single -7CH band has been found for triphenylmethane by Wall and McMillan (1939) , and independently by ourselves. In the present work a few hydrocarbons of the type CH3-(CH3CH)W -CH3 have been examined and a small band at 2890 cm.-1, attributable to the ^)CH group, was detected in each case. Many investigations on hydrocarbons in the region of 3/4 are on record, but owing to the use of apparatus of insufficient resolution by the majority of workers, the finer significant differences in the various CH bands in the 3/4 region have been rarely found/ All the various types of CH valency vibrations in paraffins, olefins, and aromatic compounds are found in the range 3*2-3*55/4, and since as many as eight distinct bands may be found in some cases within a space of 0*15/4 (e.g. naphthalene), the need for sufficient resolution in this region is apparent. Fundamental work with low resolution was carried out by Coblentz (1905) , and " aromatic" and " aliphatic" CH frequencies were distinguished by Bonino (1929) . A promising start in the 3/4 region with good resolution was made by Barnes (1930) , and work of a similar standard has been carried out by Lambert and Lecomte (1936) , but the latter investigator has mainly concentrated attention on the region 6 -2 0 / a, where the absorption bands arise mostly from C to C vibrations and various deformation frequencies.
Most of the knowledge regarding the various types of CH vibrations has been derived from Raman observations, especially by Kohlrausch (1931 Kohlrausch ( , 1938 and his school. I t is our purpose to show th at the information derived from Raman measurements in the region of 3000 cm.-1, although of great value, is meagre and frequently of poor accuracy compared with the data obtainable with an infra-red spectrometer of comparatively high resolution.
A systematic investigation of hydrocarbons has recently been made by Rose (1938) between 1-2 and 1-8/a in which region the first and higher harmonics of the CH vibrations occur. The compounds studied were re garded by Rose as being made up of the structural units -CH3, ^>CH2, ^)CH, and ^)>CH (aromatic). I t is known th at these structural units have their maximum absorption at different wave-lengths, and if it is assumed th at a t a given wave-length each group has a constant unit value of absorp tion, then the absorption of the entire molecule will be the value of absorp tion for each group, multiplied by the number of similar groups and summed for all the different groups in the molecule. A method of analysis was worked out by Rose on this basis, and such a method should be equally applicable to the region of the CH fundamentals about 3 /a. I t must be pointed out, however, th at this method of analysis should be used with great caution, and absorption spectra of compounds having similar com position to the unknown must be available. Even with simple paraffins there are variations in the group absorption on passing from one compound to another, as the present work will show, and in the aromatic series the changes from one compound to another are very marked (cf., for example, the difference in absorption of the methyl group in a-and /?-methylnaphthalenes (Fox and Martin 1939) .
The molecular structural units studied by us in the present work can be classified as follows:
(1) ^)C-H group in unsaturated hydrocarbons of the types: (2) = C H 2 group in unsaturated hydrocarbons.
(3) ^>CH2 group in long-chain paraffins and other compounds. (4) -CH3 group in saturated and unsaturated hydrocarbons.
(5) -^C-H group in saturated hydrocarbons.
We have also investigated some " polythenes" (resinoids from poly merized ethylene), which from X-ray evidence have been supposed to consist of very long chains of yC H 2 groups, and we have compared them with some long-chain paraffins of known constitution. E x p e r i m e n t a l
The apparatus and general technique have been described previously (Fox and Martin 1937,1938) . All the compounds were examined in solution in carbon tetrachloride a t room temperature (20-24° C), but owing to low solubility some measurements with the polythenes were made a t tem peratures up to 50° C. The apparatus used for these measurements was th a t constructed by us for investigations on water a t different temperatures, and an account of this work is in the Press.* Absorption cells 1*74, 10 and 50 mm. in length, with end-plates of fused silica 0*5 mm. thick, were used. The solution was compared with pure carbon tetrachloride in a second similar absorption cell, so th a t reflexion losses and absorption in the carbon tetrachloride were allowed for. From the transmission of the solution / , and of the solvent I 0, the molecular extinction coefficient of the solute was calculated by the relation k 1 1 h d loe 7 where c is the molar concentration and l the cell length in cm. In many cases the final absorption curves obtained by plotting k against the wave-length or frequency were rather complex, and to assess fairly the bands, as regards position and intensity, it was necessary to resort to graphical separation (e.g. Fox and Martin 1938, 1939) . The integrated area of a band is approximately l-4//cmax ) w h e re/ is the half-width of the band in cm.-1, as shown previously (1938) . Graphical separation of bands is advisable, in our opinion, even when only band positions are required, since we have found in unfavourable cases th at the apparent position of a band may differ from the true position by as much as 5 cm.-1. Details of all the compounds examined are given at the end of this paper.
R e s u l t s
The absorption curves of all the hydrocarbons studied are given in figures 1-10; positions of bands are set out in tables 1-3; band intensities and values o f/, the band half-width, in table 4. In figure 1, CH2 and 0H 3 bands in the range 3-34-3-54/*. are displayed for some long-chain n-paraffins Both saturated and unsaturated hydrocarbons have a number of small bands in the region 3*55-3*8//, and these will be found in figure 10 . The origin of these bands is not known with any certainty, but on account of their low intensity they are not likely to include any CH valency vibrations and are not dealt with in detail in this communication. I t may be pointed out th a t the long-chain paraffins all give two bands close to 3-66 and 3*74/t; the former appears to be due in some way to CH3 groups since it is weak in where the proportion of CH3 is small, and absent in cyclohexene which has no CH3 groups. The band near 3-74/f seems to be associated with Investigations of infra-red spectra CH2 groups and is generally absent in compounds not containing CH2, although 2:3-dimethylbutane is a notable exception in this respect.
The region 2*6-3-2/t has been explored for the compounds under investi gation, but only slight absorption was found. Investigations of infra-red spectra The low values of /cmax./n for cetene may be due to abnormally low absorption of one or more ^)>CH2 groups adjacent to the double bond. This is likely since the y>CH2 group in 1-butylene has only about half the normal absorption. The value of KmaxJn for cetene is m uch too high since the absorption is p artly due to th e = C H 2 group, cf. 1-butylene. (1) CH frequencies )CH and = C H 2 groups. The CH valency frequencies arising from ^C H and = C H 2 groups are found at wave-lengths below 3-37/t, and are easily distinguished from ^>CH2 and CH3 frequencies, since these occur at longer wave-lengths.
The nature of the absorption bands of = C H 2 is disclosed by an examina tion of the spectrum of ethylene (in carbon tetrachloride) (figure 9). Two CH frequencies are found at 3092 and 2977 cm.-1, due to the unsymmetrical and symmetrical modes of vibration, respectively (cf. Fox and Martin 1938) , while the single CH frequency of the group ^)CH occurs about mid way between these, e.g. 3023 cm.-1 in cyclohexene (band 1, figure 6). The = C H 2 group in propylene has essentially two bands (1 and 4, figure 2) as in ethylene, but in the higher olefins only one of the = C H 2 frequencies can be identified (~ 3080 cm.-1), since the other is masked by a CH3 band. In tables 1 and 4 are given collected data relating to ^>CH and = C H 2 absorp tion bands.
>CH2 and CH3 groups. In a previous communication (1938) we showed th at ^>CH2 groups gave generally two strong absorption bands near 2927 (unsymmetrical vibration) and 2857 cm.-1 (symmetrical vibration), but in some cases as many as four bands might be obtained. The present work confirms these conclusions, the mean ^>CH2 frequencies in the present series being 2926 and 2853 cm.-1 (table 2) . Cyclohexene and 1-methylcyclohexene give four bands attributable to ^>CH2. The highest frequency is in good agreement in both cases with the value 2926 cm.-1 found for normal y C H 2 groups, but the 2853 cm.-1 frequency is split in the cyclo hexenes. The mean of the two components in the split band is 2848 for cyclohexene and 2846 for 1-methylcyclohexene, close to the normal value 2853 cm.-1.
Recently Ellis and B ath (1939) , examining the absorption of polarized light by crystals of substances containing y C H 2 groups, e.g. pentaerythritol, in the region of the first overtone of the CH vibrations, concluded th at, contrary to our finding for CH2 fundamentals in general, the sym metrical frequency (vn) is higher than the unsymmetrical frequenc I t is possible th a t the crystalline substances examined by Ellis and Bath have special properties, but it is by no means clear th at our results on dilute solutions are directly comparable with the crystal measurements; further work would have to be undertaken to settle this point. We consider th at the correctness of our assignment is supported by consideration of the be haviour of many groups of the type ^/ F , whether actual molecules or parts of a larger molecule. In ethylene gas (1938) the two symmetrical frequencies (2988, 3019 cm.-1) are lower than the two unsymmetrical vibrations (3107, 3086 cm.-1); also in cyclohexane (1938) there is a strong Raman frequency 2853 cm.-1, corresponding to a mode of vibration in which all the CH2 units execute symmetrical vibrations, while in the infra red (in carbon tetrachloride solution) a frequency of moderate intensity arising from a rather similar mode of vibration (essentially the same as regards the CH2 groups) is found at 2851 cm.-1. I t is usual to associate strong Raman frequencies with highly symmetrical modes of vibration; conversely, the much stronger infra-red frequency at 2927 cm.-1 in cyclo hexane has a comparatively weak counterpart in the Raman spectrum. Another example is provided by the water molecule, for which the sym metrical frequency, active in the Raman effect, is 3654 cm.-1, while the unsymmetrical, infra-red active, frequency is 3756 cm.-1. Figure 1 and table 3 show th at CH3 groups have two main frequencies near 2962 and 2872 cm.-1, but that in addition two weaker intermediate frequencies may occur. In the unsaturated compounds, when a methyl group is adjacent to a double bond, five CH frequencies are obtained with relative intensities varying greatly from one compound to another (figures 2-5, 8). In these compounds the lowest CH3 frequency, normally 2872 cm.-1, is split into two, the mean of the two components in each case being within a few wave numbers of 2872 (table 3) . This behaviour, presumably resonance splitting, is very similar to th at noticed for the ^>CH2 group in the cyclo hexenes; in both cases it is the lowest frequency (symmetrical mode) which is split.
Molecules of general type CH3-X , such as me halides, have two CH valency frequencies close to 2970 and 3060 cm.-1, the mass of X in accordance with theoretical expectation having little effect on these. I t may be noted here that the fundamental CH frequencies of the methyl halides, derived from the observations of Bennett and Meyer (1928) , h,ave been given rather differently by Sutherland (1935), and Slawsky and Dennison (1939) . In view of these discrepancies (e.g. iq for methyl bromide is given as 2972 cm.-1 by Sutherland and 2917 cm.-1 by Slawsky and Dennison) we have made measurements on methyl bromide in carbon tetrachloride and found three frequencies, 3049, 2958 and 2840 cm.-1 in the " CH3 region" . The third frequency has been explained as the first overtone of one of the CH3 angular deformation frequencies (1451 cm.-1 in the gas), while the first two frequencies are CH valency vibrations, unsymmetrical (perpendicular) and symmetrical (parallel), respectively, as shown by their rotational structure in the gas. In carbon tetrachloride solution these frequencies are reduced by about 13 cm.-1 from the gas values as given by Sutherland; this shift is about th at usually found by us for CH vibrations. We have then the two CH3 frequencies 2962 and 2872 cm.-1 in hydrocarbons, and 3049 and 2958 cm.-1 in methyl bromide. The considerable frequency differences between corresponding bands, 87 and 86 cm.-1, respectively, do not appear to have been observed pre viously, and show th at the constants of CH3 groups in hydrocarbons, where they are attached to other carbon atoms, are distinctly different from the values in methyl halides and CH3D.
)CH group. The frequency to be attributed to the CH group in saturated hydrocarbons is difficult to obtain directly, since in none of the compounds examined was such a CH band identified. The best chance of determining this frequency was thought to exist in 2:3:4-trimethylpentane (figure 1), since this molecule contains only CH and CH3 groups, but even in this case the CH band could not immediately be found. We can, however, determine where this band would come in two ways as follows: (1) 1, tables 2 and 4) have been divided by the number of ^>CH2 groups in the molecule, and also in table 5 the same procedure has been followed for the two main bands (when available) of the CH3 group in the compounds of figure 1. It is shown that on passing from one compound to another the absorption of ^>CH2 and CH3 groups does remain more or less constant. In the case of 2:3-dimethylbutane, 2:2:3-trimethylbutane and 2:3:4-trimethylpentane, a comparison of the in tegrated absorption areas, including all CH3 bands, is more satisfactory. These areas calculated from Y/Kmax are in the ratios 4-42 : 5 : 5-21, re spectively, as compared with 4:5:5 for the number of methyl groups.
For 1-butylene, cis-and traws-2-butylene, and trimethyl-eth method of Rose discussed above would fail completely, as inspection of the absorption curves ( figures 5, 4, 3 and 8) shows. The integrated area, however, still provides a measure of the methyl groups and estimating EfKmax. for the methyl bands in these compounds we obtain respectively the ratios 1 : 1*76 : 1-89 : 3-50 as compared with 1 : 2 : 2 : 3 for the number of methyl groups in the molecule. I t will be noticed th at in 1-butylene, band no. 3 (2968 cm.-1) is not only due to CH3 but also to some extent due to = CH2. An allowance for the = C H 2 absorption is possible by comparison with propylene (figure 2) in which the two bands are clearly separated (bands 4 and 5).
The absorption of ^)CH and -CH2 groups in different compounds can similarly be compared and a fair constancy of absorption is indicated. On passing from ethylene to propylene, 1-butylene, and cetene, it is found that the relative intensity of the two = C H 2 bands gradually changes, the band of higher frequency becoming weaker as the length of chain increases while the other band becomes more intense. Approximate absorption values, i.e. average integrated absorption areas, of all the groups studied in the* present work have been calculated and the results in units of k (per group) multiplied by / (cm.-1), summed for all bands associated with a group, are as follows: ^C H 410, = C H 2 1800, J)CH 120,)>CH2 2400, ^C -CH3 2230, y C -CH3 3800. I t is of interest to note the reduction of intensity of absorption of ^>CH2 and CH3 groups when adjacent to a double bond. Further, it appears th at as the number of hydrogen atoms attached to a carbon atom is reduced, the intensity of C-H absorption falls and for ^C H is extremely low in comparison with the other groups. A similar result was found by Rose (1938) for ^C H bands in the region of 1*5 (3) Cisand t rans-2-6wfr/Zewe
The identification of the cis and trans modifications of high and low boiling isomers, respectively, depends on five sets of obser vations: (1) The method of synthesis of Young, Dillon and Lucas (1929) . (2) A comparison by Kistiakowsky, Ruhoff, Smith and Vaughan (1936) of the heat of hydrogenation of each compound with th at of cyclohexene, which as regards the part of the molecule containing the double bond, C C , is very similar to the cis isomer. (3) Electron diffraction measure ments of Brockway and Cross (1936) . (4) Ultra-violet measurements of Carr and Stiicklen (1937) . (5) A comparison of Raman and infra-red frequencies of the cis and trans forms by Gershinowitz and Wilson (1938) . No one of these methods alone is completely satisfactory, but taken together there is little doubt th at the assignment given is correct.
The infra-red spectra of Gershinowitz and Wilson were obtained with low dispersion, especially at the lower wave-lengths, so th a t while their results for the C to C vibrations and angular deformation frequencies (all less than 2000 cm.-1) may be considered reliable, little detail was given in the region of 3000 cm.-1. Our results (figures 3 and 4, and tables 1 and 3) show th at the absorption curves of the 2-butylenes in this region contain 6 or more bands, and these must all be considered in any theoretical discussion on the modes of vibration of these molecules. According to the above workers more coincidences between Raman and infra-red frequencies were found for the cis than for the trans isomer, as is to be expected if the latter can be regarded approximately as a molecule with a centre of symmetry. However, a difficulty arises here in judging how closely two frequencies should approach to be regarded as coincident. In a molecule such as 2-butylene, having many frequencies, it is very likely th at there will exist slightly different modes of vibration, essentially the same as regards the inner vibration of a CH3 group, with frequencies almost the same, but with very different Raman and infra-red activities. The small frequency difference in this case might easily be confused with the experimental error, especially as Gershinowitz and Wilson compared infra-red results on the vapour with Raman frequencies of the liquid. The frequency shift between vapour and liquid in the region of 3000 cm.-1 is ~ 10 cm.-1, but the difference between carbon tetrachloride solution and liquid is only ~ 3 cm.-1 (cf. Fox and Martin 1938) . A comparison of our infra-red frequencies with the Raman data shows that there are four " coincidences" in the region of 3000 cm.-1 for each isomer, the agreement being slightly better for the trans (maximum difference 10 cm.-1) than for the cis isomer (maximum difference 14 cm.-1). For both isomers Raman lines are found within 3 cm.-1 or less of the two main CH3 frequencies (table 3), but the lower frequency which is split in the infra-red is single in the Raman spectra.
Inspection of figures 3 and 4 shows that the infra-red spectra of cis-and trans -2 -butylene are quite different, especially in the CH3 region (2820-2970 cm.-1), and a comparison with spectra of other simple hydrocarbons of known constitution provides, in our opinion, the most trustw orthy means of deciding which isomer has the cis (or trans) con the ^C H frequency of the cis compound is only 1 cm.-1 d of cyclohexene but the 2-butylene differs by as much as 5 cm.-1; the intensities of the bands are also similar for the first two substances. Further, in 1-methyleyclohexene the methyl group is very similarly placed to those in £raws-2-butylene and propylene. The frequency ~2960 cm.-1 is common to all three compounds, but in cis-2-butylene the mutual interference of the two methyl groups shifts this frequency to 2976 cm.-1 (cf. trimethylethylene, table 3). The striking similarity of the " CH3 region " of the spectra of propylene and trans -2-butylene (figures 2 and 3) shows th a t the CH3 groups must be similarly situated in both, i.e. H while the spectrum of the cis compound resembles rather th at of trimethylethylene, which also has two cis-methyl groups. W hether this double bond remains in the product or is reduced by hydrogen is not clear. Bunn (1939) , in making an X-ray analysis of these substances, appears to have assumed th a t they are normal straight chain paraffins, and to have ignored the possibility of there being branches containing methyl groups. Our results (figure 1) show th at for samples B59 and AXX, CH2 bands are obtained having intensities compatible with mole cules composed of long chains of CH2 groups. An additional band is, how ever, observed in all cases near 2960 cm.-1 and can only be attributed to the presence of methyl groups. The greatest proportion of methyl was found in extractions of the polythenes at room temperature with carbon tetrachloride, in which the more soluble part of the polythene, presumably the shorter chains, together with any soluble impurities would be dissolved. The absorption curves obtained for these solutions are the unbroken curves in figure 1 and by comparison with the normal paraffins C14H 30, C17H 36 and C34H 70 in figure 1 , the proportion of methyl can be estimated as 1CH3: 8CH2. To reduce the possible effect of easily soluble impurities, some of each poly-thene sample was dissolved completely in boiling carbon tetrachloride; the solution was filtered and the polythene precipitated by cooling, filtered and dried. These products were again extracted with carbon tetrachloride at room temperature and the results are shown by the broken curves (-----) of figure 1. A Rast molecular weight determination gave 4700 for the material extracted. The proportion of methyl is considerably smaller, 1CH3: 13CH2. Finally, the material purified as described was completely dissolved in carbon tetrachloride and the broken curves (--------) In figure 1 a curve is given for a sample of paraffin wax and it will be seen that it is very similar to that for C^H^, but with a rather higher proportion of methyl than this compound. The mean composition of the paraffin wax is probably close to CH3(CH2)24CH3. 
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calculations with accuracy not only must the CH frequencies be known with sufficient exactness, but reliable potential functions must be available for the molecules under consideration. The force constant depends on the frequency of vibration and the masses of the atoms concerned, and hence on Avogadro's number. We have taken for this the value 6-025 x 1023 on the physical scale, and the corresponding masses of and 12C are 1-6729 and 19-924 x 10-24 g., respectively. These masses have been used for calculating all the force constants given in this communication, and small differences from the values given by other workers are in some cases due to their having used slightly different masses.
The CH force constant in methane can be arrived at quite easily following Sutherland and Dennison (1935) , making use of the fact th at in the totally symmetrical Raman frequency (gas) at 2915 cm.-1, the carbon atom remains at rest and the hydrogen atoms move in phase to and from it. The force constant is 5-04 in the usual units (105 dynes per cm.). We have dealt already with the ^>CH2 group (1938) and the force constant recalculated to the gas state is 4-56. As pointed out in an earlier section of this discussion, two sets of data are available for CH3 groups and two different values of the force constant are therefore obtained. Recently, from a consideration of the data for ethane, Stitt (1939) developed a potential function (called by him III) for this molecule, and also for C2D6, which we find quite satisfactory, since, besides giving good agreement between calculated and observed frequencies, it leads to a reasonable value for the C-C force constant. The CH force constant found by Stitt was 4-79 and the calculated infra-red CH valency frequencies were 3010 and 2895 cm.-1. The infra-red data used by S titt were rather uncertain, and we have therefore investigated ethane in carbon tetrachloride solution. We hope to discuss this and other hydrocarbons at a future date, but may now point out that the ethane spectrum obtained by us is very similar to that given by dimethylbutane and other compounds in figure 1. The two main frequencies in ethane in the 3/i region are 2974 and 2880 cm.-1, quite close to those found for methyl compounds generally (table 3) . To fit these frequencies, using the masses given above for 1H and 12C, the CH force constant used by Stitt must be reduced from 4-79 to 4-75 (CC14 solution). The calculated frequencies are then 2984 and 2870 cm.-1, in good agreement with our values. Knowing the CH force constant in ethane, we can readily calculate the corresponding value in methyl halides, since it may be taken with very little error th at the frequency is proportional to ^!k, where k is the CH force constant. Thus for methyl bromide in c /3049\2 /2958\2 tetrachloride solution (see p. 222) = 4-75 x I ------1 or 4-75x1--1 .
\2974; \2880/
The mean value of k is found to be 5*00 ( = 5*04 for methyl bromide gas) and is in exact agreement with the value 5-04 found above for methane. This result shows th a t the CH3 constants are almost exactly the same in methyl bromide as in methane (and CH3D). The CH distance in methane and CH3D is stated to be 1*093 A (Ginsburg and Barker 1935; Childs and Jah n 1939), and bearing in mind the Morse-Clark rule, hr6 = const., where r is the intemuclear distance, it follows th a t the CH distance in methyl bromide (and probably the other halides) should be within 0*001 A of the methane value. We hope to be able to discuss the various CH distances in organic molecules elsewhere, and then the relation between force constant and internuclear distance can be considered in more detail.
In ethylene the CH force constant has been calculated by many workers including ourselves (1938) , and the value now obtained is 5*05 for the gas. The frequencies of = C H 2 groups (table 1) in other olefins are close to those of ethylene, but tend to be a little lower so th a t 5*03 is a reasonable value for the CH force constant (corrected to the gaseous state) in olefins generally.
The mean ^C H frequency (table 1) is 3019 cm.-1 as compared with 3062 cm.-1 for the symmetrical Raman CH vibration in benzene, and the corresponding force constant is 4*98, derived from th at of benzene (5*12 for /3019\2 gas state, cf. Kohlrausch 1935) by multiplying by ( I * already explained the ^)CH frequency in saturated compounds is difficult to deter mine directly, but a probable value is 2890 cm.-1 for carbon tetrachloride solutions. The force constant (4*56) can be obtained in a similar manner to th at for the ^)CH group. We can summarize the force constants for the normal types of CH bond as follows, including our own recalculated force constants for benzene and acetylene. All force constants are calculated to the gas state by allowing for the small frequency increase (~ 10 cm.-1) on passing from liquid or carbon tetrachloride solution to the gas state.
C-CH3in
Investigations of infra-red spectra Tetradecane, C14H 30, heptadecane, C17H 36, and tetratriacontane, C^H™, were known to be of quite high purity, but small amounts of the closest homologues were possibly present. The melting points were 5*5, 23-5 and 72-5° C, respectively, as compared with 5-5, 22° C (Heilbron), and 76-5° C (I.C.T.).
Cetene, C16H32, was purified by vacuum distillation, a middle fraction boiling at 155° C, 15 mm., being finally retained. The position of the double bond in cetene obtained by distillation of cetyl palmitate was shown by Langedijk and Stedehouder (1937) , and by Schoorl (1938) to be at the end of the molecule, and since the properties of our sample of cetene agree closely with theirs, we shall assume that our cetene is also 1-hexadecene. The infra-red spectrum justifies this assumption since a = C H 2 group gives quite different absorption from the alternative arrangement-C H 2:3 -Dimethylbutaneand 2:2:3 -t r i m e t h y l b u t a n ew ere probably better than 98 % pure, whilst 2:3'A-trimethylpentane may have contained a the 2:3:3-isomer, which, however, in small amount would have little effect on the absorption spectrum.
Ethylene was prepared by the method of Newth (1901) from ethyl alcohol and phosphoric acid. After purification the gas was directly absorbed in carbon tetrachloride until a suitable concentration was reached.
Propylene was also prepared by the method of Newth (1901) from iso propyl alcohol, and after purification was liquefied. A middle fraction of the liquid was allowed to evaporate ( -48° C) and the gas absorbed in carbon tetrachloride.
1 -Butylenewas prepared from pure w-butyl iodide and alcoholic caustic potash, the method of preparation and purification being described by Coffin and Maass (1928) . The liquid was fractionated a t about -6° C, and was weighed in a glass capsule which was afterwards broken under a known quantity of cold carbon tetrachloride.
2 -Butylene(cis and trans). The preparation of these compounds in a very high state of purity has been described by Kistiakowsky et al. (1935) . The compounds were weighed into glass capsules and dealt with as described for 1-butylene.
Trimethylethylene was obtained by dehydrating carefully purified tertamyl alcohol with sulphuric acid in a manner similar to th a t described in Organic Syntheses (1932), vol. 1. The product was fractionated and a middle portion boiling at 38-5° C, 760 mm., was used. 1 -Methylcyclohexenewas prepared by dehydrating 2-methylcyclohexanol in a manner similar to that described for trimethylethylene. The product was fractionated and a middle portion boiling at 108° C, 760 mm., was used.
Cyclohexene was purified by fractionation, the final product boiling at 82-8° C, 760 mm. Absence of benzene in the sample was shown by an examination of the ultra-violet absorption spectrum.
Paraffin wax was a B.D.H. sample with melting point 54° C. Polythenes, " B 59" and " A X X ", were obtained from Imperial Chemical Industries. These compounds had been obtained by the condensation of ethylene under high pressure, and had very high molecular weights, approximately 10,000 and 35,000, respectively. Both grades melted at 100-120° C to liquids having extremely high viscosities, and could be con verted into thin films of considerable strength by evaporating a solution of the polythene in xylene on a glass plate at 130° C. The infra-red absorption spectra of some twenty hydrocarbons in carbon tetrachloride solution have been studied in the region 2 *6-3-8 with the following results.
1. ==CH2 groups in ethylene and higher olefins give rise to two CH frequencies with mean values 3079 and 2978 cm.-1, corresponding, re spectively, to unsymmetrical and symmetrical valency vibrations of the CH2 group.
2. ^CH groups in olefins have usually a single CH valency frequency close to 3019 cm.-1, i.e. almost half-way between the two bands of the = C H 2 group. The ^CH frequency in saturated compounds is 2890 cm.-1.
3. y>CH2 groups have normally two CH valency vibrations with mean values 2926 and 2853 cm.-1, corresponding, respectively' to the unsym metrical and symmetrical vibrations within the CH2 group. In long-chain paraffins the position of these bands and their intensity per CH2 group remain remarkably constant from one compound to another. As found previously, bands additional to these two may occur in some cases.
4. CH3 groups also have two main CH valency frequencies, corresponding to unsymmetrical and symmetrical vibrations within the CH3 group. These frequencies are close to 2962 and 2872 c m r 1, respectively, when the methyl group is attached to another carbon atom, but in methyl bromide the frequencies are 3049 and 2958 cm.-1, i.e. 87 and 86 cm.-1 higher. The CH force constant in methyl bromide is almost exactly the same as in methane, and this indicates th a t the CH internuclear distance does not differ from th at in methane by as much as 0*001 A. The CH force constant in a CH3 group attached to a carbon atom is nearly 6 % lower than in methane and methyl bromide. In saturated hydrocarbons the position of the methyl bands and their intensity per CH3 group remain fairly constant, but when a methyl group is adjacent to a double bond, as in propylene, the positions and intensities of the bands vary greatly from one compound to another for comparatively small changes in the molecule. The band near 2872 cm.-1 is split in these compounds, the mean position of the two components being close to 2872 cm.-1. The total area of all the bands attributable to CH3 groups in the unsaturated molecules, although somewhat lower than in saturated compounds, is still, however, approximately proportional to the number of CH3 groups present.
5. Identification of the cis and trans forms of 2-butylene is readily carried out by examination of the infra-red spectra. A striking resemblance exists between the spectrum of the trans form and th at of propylene.. 6. Two samples of a polythene (condensed ethylene resinoid) have been examined and have spectra similar to those of long-chain normal paraffins. A band at 2960 cm.-1 characteristic of the methyl group is found in all cases and the proportion varies from 1CH3: 8CH2 for the most soluble part of the polythenes to 1CH3:70CH2 for the whole sample. The significance of these results in relation to X-ray examination is briefly discussed.
7. CH force constants are given for eleven varieties of CH bond, and mean integrated absorption areas are given for CH, ^>CH, = C H 2, ^>CH2 
